Abstract--This paper studies the impact of wind generation on system costs and prices in Ireland. The need to mitigate climate change, achieve renewables energy targets, and use renewable sources of energy means that many countries are considering greater levels of wind generation in their power generation mix. The overall impact of wind generation on system costs and performance has only been studied recently, and often with limited actual data from power systems with increased wind penetration. The paper uses a unique dataset of half-hourly system demand, generation, wind forecast generation, and actual wind generation, along with Irish system marginal price (SMP) data from 2008 to autumn 2012. An econometric time-series model of SMP as a function of forecast and realized demand and wind generation is formed. The costs of balancing and system constraints are included in the cost of 'uplift', and thus the total cost of a variety of factors is included in our estimates for Ireland. Our results suggest that each 1% increase in wind generation reduces SMP in Ireland by about 0.06%, while each 1% wind forecast error increases SMP about 0.02%. In absolute terms, though, at the mean the impact of wind forecast errors is small, or about 0.4€cent/MWh-wind generated. However, the impact per MWh forecast error is about €1.
I. INTRODUCTION
While climate change continues to be one of the most important policy issues facing the developed world, the continuing pressure on the national budgets and expenditures from the economic downturn means that the costs of meeting climate change targets are increasingly at the center of policy debates.
Wind power has been seen as perhaps the best way towards meeting climate change and emissions targets by many countries, both small and large. Wind power external costs exist in total transmission system losses, system balancing costs, the cost of required reserves (both spinning and non-spinning), other ancillary services and the total cost of power generation. The cost of using wind power to meet renewables targets is of course uncertain and must be estimated. The costs to the system may exhibit scale and scope economies. The impact of increasing levels of wind power on smaller systems may be different than for larger systems and thus it is important to estimate the impacts of wind generation on system costs for a variety of systems. Finally, the external costs of wind on power systems may interact with fuel prices, market design elements, levels of competition, and other factors. Thus it is important to estimate wind system costs for a variety of systems and at different points in time.
This study investigates the impact of wind power on electricity costs in Ireland. Ireland is a particularly interesting case in which to study wind-power system costs for a variety of reasons. The Irish electricity market has a number of characteristics which makes it an ideal case study for electricity market research. It is somewhat unique in that it operates in two different jurisdictions and operates with dual currencies. It is a small island system, with an installed capacity of 9GW of conventional capacity of which approximately 2GW is excess capacity and planning reserve, and limited interconnection to the GB system through two interconnectors. Because of the system's small capacity and low interconnection (the interconnectors with Great Britain-GB) are capable of importing 500 MW each and exporting slightly less), the percentage increase and expected overall proportion of wind power in Ireland will be large. 1 The all-island system has a high proportion of installed wind capacity equivalent to roughly 18% of total installed capacity. This has been used to generate up to 49.9% of the island's electricity demand; wind is curtailed if it exceeds 50% of total system load at any given time.
A second element perhaps unique to Ireland relates to its market design. While the generation market is fully competitive, the prices bid by generators into the power pool are for practical purposes regulated; generators must bid their marginal cost (or average variable cost) of generation, with fuel prices and thermal efficiency of generation units checked by the regulator. A straightforward merit order and the day-ahead forecasts of demand and wind generation forms a day-ahead dispatch schedule and a daily set of half-hourly system marginal prices (ex ante SMP). In addition, the cost of constraints and other factors, and balancing, are included in the ex post SMP paid to generators, which adjusts the day-ahead SMP. This means that the final price paid to generators for the power they generate is not finalized until four days ex post. The market data are also all available online from SEMO (the market operator). Further, wind forecast and actual generation outturn data are available from Eirgrid (the ROI TSO). Thus the possibility of studying the total cost of wind power on the system, and including the impacts of wind forecast errors is made possible by the Irish data and market design. This is different from a previous study of the GB wind system balancing costs [6] , which a) focused only on balancing and b) did not include the difference between forecast and actual outturn wind generation.
II. REVIEW OF LITERATURE
The overall system cost and price impacts as a result of wind are likely ambiguous, as different characteristics of wind affect cost both positively and negatively. For example, baseload units, such as coal, may be cycled more frequently with the introduction of variable generation sources such as wind [5] . This in turn could result in significant increases in a variety of costs, including impacting the merit order (flexible plant may run ahead of inflexible plant), and operation and maintenance (O&M) and start costs. On the other hand, thermal units displaced by wind will lead to a fuel cost saving as wind has zero fuel costs. 2 The cost of providing reserve may also increase as wind penetration rises; as wind output is not as constant relative to traditional thermal units [2] , [3] . A number of previous studies have estimated the cost of wind generation on the system. The results from the studies reviewed by [7] and [8] are neatly summarized by a figure they present. They conclude that system balancing costs increase by about €1-4/MWh of wind power produced, for system wind penetration levels up to 20% of power generated. They also demonstrate that the methodologies used so far to examine the issue of balancing cost implications of wind power have mostly relied on simulation approaches. Historically in many countries, wind generation has contributed to a negligible degree to the overall generation mix, so that empirical studies have been of limited value. Moreover, the seasonal and annual variation in energy consumption means that meaningful analysis likely requires time series of several years, which are only now becoming available. Reference [3] notes that some of the savings associated with the fuel saving in the marginal price may simply be transferred to the uplift and capacity payment mechanisms. This would occur if units are switched on and off more frequently, or if generators require additional payments in order to recover their lost-energy operating margin. [7] . £ values from [1] have been recalculated using exchange rates at the date of publication and adjusted by the Eurostat industry producer price index for "electricity, gas, steam and air conditioning supply". The dashed red line is a regression line through all observations.) (figure found in [6] ).
III. DATA
The dataset for the study comes from publically available data on the SEMO and Eirgrid websites [9] , [10] . SEMO is a joint venture between Eirgrid plc -the Transmission System Operator (TSO) in the Republic of Ireland -and SONI Limited, the TSO in Northern Ireland. All data are actual historic output from the system, recorded on a halfhourly 3 basis from January 2008 to December 2012. Such high-frequency micro-data enabled us to test whether short-term changes in the wind generation in the Republic of Ireland had any impact on system costs. Table 1 provides summary statistics for each of the variables included in our model specification. lnep2_smp represents the logged ex post system marginal price (SMP) on the all-island electricity system on a half hourly basis-this will be the dependent variable. 3 Wind and demand from EirGrid are actually available for each quarter hour, but we aggregate these data to half-hourly. lndem represents the logged electricity demand on the system. We expect that demand should have a positive effect on the SMP, because as more units are dispatched the associated fuel costs will increase accordingly. We include its square as we do not expect the price of electricity to be linearly affected by demand. lnwindgen is the logged wind output from the Republic of Ireland. We expect that wind will reduce the SMP as it offsets more expensive units and their fuel inputs from being dispatched and entering the supply curve. lnwindfc_e the logged wind forecast error. We expect that this should have a positive impact on the SMP, as errors in forecasting must be met by added flexible generation. We also included as regressors the log of natural gas prices, inclusive of CO 2 cost, in Euro/MWh, as lngas_e_co2 and the price of oil in €/MWh, as lnoil_e_co2. For the gas price, the GB NBP day-ahead daily price was used for each hour in the delivery day and for CO 2 , the EU ETS daily price was used (these data sourced from the Bloomberg Professional data terminal-London Economics). We expect that the value of both of these variables to have a positive, significant effect on the SMP, as intuitively the final price of electricity should be highly dependent on the fuel inputs associated with generating said electricity.
IV. METHODS
We start with the assumption of a cost function for the Irish electricity system. The cost function is a standard assumption for cost-minimizing behavior and/or perfect competition, 4 and the since bidding above marginal cost is not allowed, the market design in Ireland probably assures this is a reasonable approximation. Nonetheless more analysis might be considered in order to relax this assumption. Under the competitive assumptions, the SMP is then equal to the derivative of the cost function with respect to demand. Input prices are considered exogenous, along with demand, and factors such as wind generation and forecast errors are considered as added explanatory variables to the system. To operationalize the model, we assume the cost function takes the transcendental logarithmic, or translog, form. The translog is a second order Taylor series approximation to an arbitrary cost function 5 :
Where, C, is variable cost, the p i are fuel input prices: i=gas (g), and oil (o), 6 the Y k are outputs: k=demand (D), wind generation (W), and wind forecast error (F). Taking the derivative of the cost function with respect to demand gives the marginal cost function. Since we will work in logs, we take the logarithmic derivative, to give:
And we posit that the SMP is the marginal cost, so: 4 More technically, a utility that minimizes cost subject to a demand constraint with competitive input markets yields the same outcome as perfect competition. 5 A number of papers introduced the translog cost function, from Christensen, L, D.W. Jorgensen, and L. Lau (1971), "Conjugate Duality and Transcendental Logarithmic Production Functions, Econometrica, 39:4, July, 255-256. 6 In a previous study by O'Mahoney & Denny, the coal price was found to be insignificant. We estimate that the coal price infrequently is 'on the margin' and that fuel prices for more flexible generation technologies drive the SMP. Standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1 The modeling results show reasonably good fits and most of the variables included are significant. Inclusion of seasonal dummies seems to have a very small impact on the overall size of the regression coefficients of interest. Standard statistical tests of the constraint that the coefficient on the wind generation variable was equal and opposite to the demand variable coefficient rejected the restricted model (we do not report these statistics), but the lower Rsquared of the constrained model (28% vs. 37%, 35%) is an indication of this.
Of key importance is the interpretation of the coefficients. From Model 1, a 1% increase in demand increases SMP by about 1%. Conversely, a 1% increase in wind generation decreases SMP by about 0.06%. A 1% forecast error in wind increases SMP by about 0.016%. The results are not largely sensitive to inclusion of a variety of other variables, whereas the model appears sensitive to the assumption about how to model the demand net of wind and the form of this impact (e.g., quadratic or linear). Overall, the size of the cost of wind forecast errors is estimated to be approximately 1/5 th of the % marginal cost savings (price) benefit from wind. The absolute cost savings from wind are more in-line with the demand impact, as average demand is roughly ten times average wind generation. The effective capacity of wind -measured as the maximum wind output per annum -increased by an average of 14.2% annually over the time period under investigation, from 888MW in 2008 to 1500MW in 2012. Thus, to consider the impacts of both wind and its forecast error for varying capacity levels, we rerun our Model 3 7 specification on an annual basis. Years 2008 and 2009 do not have complete data, therefore we present results from 2010 onwards in Table 3 . The effect of wind forecast error in our annual specifications is greater than in our previous versions. In 2010, a 1% increase in wind forecast error increases SMP by about 0.06% and in 2011 by 0.08%. In 2012, wind forecast error is not a statistically significant driver of the SMP.
Demand net of wind and its square are statistically significant in all three annual specifications. We find that net demand has a positive effect on SMP, and that the effect is increasing at a decreasing rate in each year (similar to what was found in [6] ). Figure 2 presents the non-linear effect of net demand on the SMP for each year separately. In comparing these annual effects, we find that as the effective capacity of wind on the system increases, the effect of net demand (demand net of the met through wind output) is reduced. The effect of wind forecast errors as wind capacity increases on the system is less clear from our analysis. When accounting for variations in effective wind capacity, we find errors to have a greater impact than in the unconstrained version, yet this effect is not always found to be statistically significant.
V. CONCLUSIONS AND FUTURE DIRECTIONS
This paper has estimated a model of the marginal impact of wind generation on system costs in Ireland. Overall, the results are good in the sense of good fits, significant variables, and grounding in theory; the paper advances on previous work [6] in that the derivation of the cost function is explicit from the SMP definition and the translog form. The estimates of the size of the coefficients are credible and we believe that they should be useful to policy makers when considering what external system costs various levels of wind generation might have on systems sharing similar characteristics with Ireland. We thus conclude that the econometric approach to estimating the cost of wind external system costs should be considered in future studies and system planning.
While the paper, we believe, advances the state of knowledge of the external costs of wind generation, many caveats should be kept in mind, such as the impacts of other factors such as interconnection, generation capacity mix, other flexibility parameters, market rules, etc.
The comparison with previous studies is interesting, and qualitatively our results are somewhat similar to [6] with the impact of wind net of demand on cost increasing at a decreasing rate, but comparison of like-with-like is difficult because of the different market designs and available data, so comparisons should be made with due caution.
With this in mind, the paper suggests some particular areas for future research. First, studies across other jurisdictions would be interesting. Second, and perhaps more curiously, the sensitivity of the model and rejection of the constraint that wind generation should have an equal and opposite impact to demand on SMP is surprising and suggests more testing of different functional forms. We are not aware of other studies which tested this hypothesis 
